The technique of high-resolution gel electrophoresis using oligodeoxyribonucleotides of known composition as model systems, offers a simple quantitative estimate of DNA damage in aqueous solution induced by ionizing radiation. The fraction of damaged DNA can be quantitatively defined in terms of the increased electrophoretic mobilities of the damaged oligonucleotides, relative to the mobility of the unirradiated and intact oligonucleotides. The usual direct strand breaks can be observed at y-ray dosages of 200 Gy. However, at a y-ray dosage of 400 Gy, only a broad background, attributed to heterogeneously and multiply damaged oligonucleotide fragments with overlapping and varying electrophoretic mobilities, can be distinguished. On the other hand, individual bands due to resolvable DNA fragments are evident even at dosages as high as 400 Gy for fission neutrons. When double-stranded oligonucleotides are exposed to g ray dosages of 200 Gy, the fraction of damaged DNA approaches 30-40%. This damage can be almost completely suppressed (> 99%) if the irradiations are conducted in aqueous solutions in the presence of 0.5 1.0 mM concentrations of the thiols cysteamine or 3-(3-methylaminopropylamino)propanethiol (WR 151326). The rate constant of reaction of OH radicals with small double stranded oligonucleotides 16 base pairs long, KDNA, is found to be closer to the diffusion-controlled value (> 3 x 109 M-' s-1) than the magnitudes of KDNA for the higher molecular weight, native DNA reported in the literature. These observations suggest that oligonucleotides represent more simple model systems than native DNA in solutions for studying the mechanisms of radioprotection exerted by thiols of different structures.
INTRODUCTION
Ionizing radiation is well known to induce damage to DNA by chemical modification of the base and sugar moieties, and by rupturing the phosphodiester backbone',". In dilute aerated solutions'), the damage is mainly attributed to hydroxyl radicals that result from the radiolysis of water. Breaks that occur directly, i.e. without any subsequent after-treatments, are called frank strand breaks. The termini of such breaks are generally 5'-phosphate groups on one side, and either 3'-phosphate or 3'-phosphorylglycolate groups on the other4.5).
High resolution electrophoretic gel methods" are ideal for monitoring the positions and quantifying strand breaks in oligodeoxyribonucleotides of defined composition and sequence'- ' 1) . In this work, we further explore the utility of electrophoresis methods for studying strand breaks induced by high and low-LET radiation and to determine the frequency of strand breaks at different positions in short, single-stranded, or double-stranded oligonucleotides 11-16 bases long. It has been shown previously that various thiol derivatives can suppress damage to the DNA induced by ionizing radiation' 2-15). The goal of this work was to quantitatively compare the efficiencies of two different radioprotectant thiols (cysteamine and 3-(3 methylaminopropylamino)propanethiol, WR-151326) in suppressing the degradation of these short oligonucleotides into shorter fragments induced by y-rays and fission neutrons. Because the oligonucleotides are small, it might be expected that the reaction kinetics should be more homogeneous than in the case of the much larger, worm-like coils of native DNA, thus yielding more accurate comparisons of efficiencies of different radioprotectants.. Almost complete protection to 200 Gy of yradiation is afforded by cysteamine concentrations of 2.0-3.0 mM, whereas WR-151326 requires only 1.0 mM. Finally, the thiol concentration dependence of the radioprotective effect, coupled with a simple kinetic scheme, is used to estimate the rate constants for the formation of oligonucleotide degradation fragments due to OH radicals induced by y irradiation MATERIAL 
AND METHODS
Oligonucleotides.
The deoxyribonucleotides 5'-d(CACATGTACAC) (X), the 16-mer, 5'-d(CTCACATGTACACTCT)
(Y) and their complements (11-mer (X') and 16-mer (Y')) were synthesized by the phosphoramidate method using a Biosearch Cyclone Automated DNA Synthesizer (Milligan Biosearch Corp., San Rafael, CA). The oligonucleotides were purified by oligonucleotide purification columns (Applied Biosystems, Foster City, CA) and by high-performance liquid chromatography (HPLC) using a Rainin Dynamax C4 column (Rainin Instrument Co., Woburn, MA) and 0.1 triethyl aminoacetate-acetonitrile solvent mixtures. The oligonucleotides X and Y were labeled at the 5'-end with [y32P]ATP (New England Nuclear Corporation, Boston, MA) using the T4 polynucleotide kinase 5'-terminus labeling system (Bethesda Research Laboratories, Gaithersburg, MD). Before irradiation, the oligonucleotides were further purified by gel electrophoresis using 20% polyacrylamide denaturing (7.0 M urea) gels and a standard running buffer (see below).
Thiols.
The cysteamine was obtained from Sigma (St. Louis, MO), and its concentration was determined prior to the irradiation by Ellman's colorimetric method"' by titration of its serially diluted samples with 5',5' dithiobis-2-nitrobenzoic acid (DTNB). The WR151326 was a gift from Dr. W. Y. Allis of Walter Reed Army Institute of Research, Washington, D.C. and its purity and concentration were determined by liquid chromatography with electrochemical detection according to Vaishnav et al." ' prior to the irradiations.
Gel electrophoresis
Gel electrophoresis techniques were utilized for separating the DNA damaged by ionizing radiation from the undamaged DNA. The gel electrophoresis experiments were performed using denaturing 20% polyacrylamide gels and a Pocker-Face Model SE 1600 gel electrophoresis apparatus (40 cm long; Hoefer Scientific Instruments, San Francisco, CA) with an applied voltage of 2500 V (temperature 45°C) using a standard solution as a running buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.0). The bands were visualized and quantitated using a BIORAD 250 imaging system (Biorad, Hercules, CA). The fractions of damaged and undamaged oligonucleotides were estimated by determining the areas under the different bands (background levels were included); the areas corresponding to the undamaged oligonucleotides were established by a serial dilution procedure to bring the signal within the dynamic range of the phosphorimager.
The linearity of the system, within the operating ranges used in this work (dynamic range of 104), was verified by performing a standard gel electrophoresis experiment using serial dilutions of an unirradiated 32P-labeled single-stranded oligonucleotide sample .
Increase in the electrophoretic mobilities of irradiated DNA and definition of fractions of damaged DNA We operationally define the DNA damaged by ionizing radiation in terms of the oligonucleotide fragments that exhibit faster electrophoretic mobilities than intact oligonucleotides. The fraction of damaged oligonucleotides is then defined as the amount of damaged DNA divided by the total DNA in a given lane in the electrophoretic gel. The fraction of damaged oligonucleotides determined by this method is therefore a lower estimate, since modifications that are not accompanied by a change in electrophoretic mobility, are not detected. The fractions of damaged DNA, as defined by this assay, were determined from the autoradiograph using the BIORAD 250 imaging system. The amount of damaged and undamaged DNA is estimated from the relative areas under the autoradiograph profiles, respectively. Whenever necessary, the amount of DNA in the intact band was evaluated by serial dilution of the sample and subsequent autoradiography. This experiment served as another check on the linearity of the response of the imager system; within the operational dynamic range of the system used in these experiments, the error was no larger than ± 10%, which is attributed to experimental errors rather than to an intrinsic non-linearity of the imager detector system.
Duplex Formation
Predetermined, excess amounts of the unlabeled strands X or Y were added to the 32P-end-labeled strands X or Y, respectively, thereby defining the concentrations of the oligonucleotide samples. The duplex XX' (11-mer double-stranded) and YY' (16-mer double-stranded) were formed by adding a 10% excess of the unlabeled complementary strands X' or Y', to the solutions (20 mM sodium phosphate buffer, pH 7.0) containing the strands X or Y, respectively. The complementary strands were then annealed to one another by heating each of these solutions to 85°C followed by a slow cooling overnight storage period at 4°C. The existence of duplexes XX' and YY' was established separately using 8% native polyacrylamide gel electrophoresis at 4°C; only a single band, migrating at a different rate than the single-stranded forms X and Y, respectively, was noted in each case (data not shown).
Sample preparation and irradiation.
All irradiations were performed in air-saturated 20 mM sodium phosphate buffer (pH 7.0) in micropolypropylene tubes (500 µl; Marsch Biomedical Products, Rochester, NY). Single-strand and double strand oligomer concentrations were 2.5 and 5.0 pM, respectively, expressed in strand molarity. The oligomer samples containing the radioprotective agents cysteamine or WR-151326 were prepared by combining oligomer solutions with appropriate amounts of the radioprotectant prior to irradiation. The samples were allowed to stand 30 minutes at 4°C in an ice-bath prior to exposure to 60Co (grays) or fission neutrons.
Following radiation exposure, the samples were immediately frozen and stored overnight in a refrigerator or until analysis by gel electrophoresis.
Dosimetry
One set of samples was bilaterally y-irradiated at a dose rate of approximately 24 Gy min-' in our 60Co facility. Prior to irradiation, the desired dose rates were established using a 0.5 cm3 tissue equivalent (TE) ionization chamber. The tissue-air ratio was estimated to be 0.98. For mixed-field neutron and yradiation, the Armed Forces Radiobiology Research Institute Training Research Isotope General Atomic Mark-F reactor was used to obtain a mixed neutron to y-ray field with a total dose rate of 23.5 Gy min-' and a ratio of neutron to y-ray kerma in free air of 15-18. Dosimetry measurements were done using 0.5 cm3 ionization chambers constructed of A-150nTE plastic filled with TE gas and magnesium filled with argon to separate the neutron and gray components. The ionization chambers were previously calibrated by factors traceable to the National Institutes of Standards and Technology. Dosimetric measurements were made in accordance with the AAPM protocols for the determination of absorbed dose from high-energy photon and electron beams").
RESULTS

Patterns of electrophoretic mobilities of irradiated oligonucleotides
Typical autoradiograph profiles of gels of irradiated single-stranded and double-stranded oligonucleotides are shown in Fig. 1 . Well-resolved bands due to fragments of different lengths, identified at the top of the figure, are superimposed on a broad structureless background. This background tends to be higher at the low mobility (left side in Fig. 1 ), than the higher mobility side (right side in Fig. 1 ). The clipped intense band on the left (the top of the gel) represents the undamaged 11-mers 5'-d(CACATGTACAC).
In some cases, double bands are evident which arise because strand cleavage at a given n-th site can give rise to two different 3'-terminias,l9)
Differences in eletrophoretic mobility patterns following y and neutron-irradiation at 400 Gy.
At a dosage of 400 Gy in the absence of cysteamine, only a broad electrophoretic mobility background due to damaged oligonucleotide fragments is evident after y-irradiation (Fig. 2a, 2nd panel from the top).
However, defined bands due to individual oligonucleotide fragments are clearly observable after neutron irradiation at the same dosage level of 400-Gy (Fig. 2b, 2nd panel from the top). The kind of damage suffered by the same double-stranded 16-mer oligonucleotide therefore is different after yirradiation than after neutron irradiation at 400 Gy in the absence of thiols (Fig. 2) . In contrast to the y-irradiation case, maxima due to frank strand breaks appear prominently in the electrophoretic mobility pattern after neutron irradiation; however, these maxima are superimposed on a broad and continuous background distribution of electrophoretic mobilities. Overall, the differences in the observed electrophoretic mobility patterns are Effects of cysteamine and WR-151326.
At a dosage of 400 Gy in each case, the effect of cysteamine on y-irradiated 16-mers (Fig. 2a) is different than in the case of the neutron-irradiated 16-mers (Fig. 2b) . These effects can be interpreted in terms of two types of sub-populations of damaged DNA fragments. The first sub-population comprises fragments associated with the individual maxima in Fig. 1 , and the second sub-population is comprised of the heterogeneously and multiply damaged fragments with variable electrophoretic mobilities; this latter fraction contributes the general, structureless background evident in Figures 1 and 2 .
In the case of the y-irradiated sample, as the cysteamine concentration is increased from 0 to 0.1-0. In the case of neutron irradiation at 400 Gy in the absence of cysteamine, the background is clearly visible as well, but bands due to the individual fragments are clearly apparent and are superimposed on the broad background (Fig. 2b, 2nd panel from top) . As the cysteamine concentration is increased, both the background levels and the amplitudes of the individual fragment bands diminish. At concentrations between 0.5-1.0 mM cysteamine, the extent of damage (two bottom panels in Fig. 2b ) approaches the level observed in the unirradiated controls (top panel, Fig. 2b ).
The effects of concentration of radioprotective agents on the inhibition of y-radiation-induced damage in the 16-mer oligonucleotide was investigated more quantitatively. An autoradiographic representation of a typical gel is shown in Fig. 3 . (5), 100 mM (6), 200 mM (7), 300 mM (8), 400 mM (9). 500 mM (10), and 600 mM (11).
Discussion
DNA strand cleavage patterns.
Since all irradiations were carried out in air, the most likely primary pathway of strand cleavage involves hydrogen abstraction from the C4' position of the sugar moieties, followed by the formation and decomposition of peroxyl radicals, ultimately leading to frank strand breaks''-21). The most prominent features in the electrophoretic patterns of the oligonucleotides damaged by ionizing radiation are the sharp maxima associated with cleavage at the different phosphodiester bonds of the oligonucleotide (Fig. 1) . The amplitudes of these maxima are greater in the case of the lower molecular weight fragments. This distribution, favoring the lower molecular weight degradation fragments, has been rationalized by Teoule and Duplaa8 in terms of the statistics of strand cleavage induced by ionizing radiation. There are generally two maxima associated with each oligonucleotide fragment with n-bases; the two fragments correspond to two types of 3'-ends, containing either a slower migrating 3'-phosphoryl group, or a faster-migrating glycolate moiety attached to the 3'-phosphoryl group via a 2"-OH group of glycolic acid',',"'. In almost all cases, except in the case of the 3-mer, the 3'-phosphoryl group is the more common terminus, a result also found by Isabelle et al." ). In the case of our rather short, double-stranded 11-mer oligonucleotides, the relative abundance of the fragments of different sizes appears to decrease with increasing fragment size (Fig. 1) . However, this effect is not related to base sequence, but once again to the statistics of random strand cleavage induced by ionizing radiation"; the relative abundance of the shortest fragment is dominant because fragments of intermediate sizes are further degraded to smaller and smaller fragments upon continuing exposure to ionizing radiation. The structureless background due to damaged DNA fragments. The maxima associated with DNA degradation fragments of defined length, are superimposed on a nearly continuous background level. The unresolved background levels are attributed to oligonucleotides of different lengths that bear damaged base or sugar moieties. Because this kind of damage can occur at different sites on the base and sugar moieties, as well as at different positions within the fragments, each product can have a somewhat different electrophoretic mobility, perhaps overlapping with mobilities of other, similar heterogeneously damaged fragments. Because of the intrinsic width of each homogeneous band, these overlapping electrophoretic mobilities of heterogeneously damaged fragments lead to the observed unresolved background levels.
Differences between single and double-stranded DNA In the single-stranded case, the background due to modified DNA is significantly more pronounced than in the case of the double-stranded oligonucleotides. The bands due to individual fragments of different sizes, are better defined in the case of the irradiated double-strands than in the case of the irradiated single strands (Fig. 1) . These observations are consistent with the notion that bases are more susceptible to attack by OH radicals in single than in double-stranded forms24.25'. Heterogeneous base damage is expected to significantly contribute to the observed structureless background in the gels. On the other hand, damage to the sugar moieties, especially attack by OH radicals at the 4'-position of the sugar moieties, leads to strand cleavage. Thus, as shown in Fig. 1 , the appearance of defined fragments due strand cleavage is more . pronounced in double-stranded than in single-stranded DNA24)
Effects of thiols on the two different sub-populations of damaged DNA fragments.
The appearance of the two different sub-populations of damaged DNA fragments, defined earlier, is influenced to different extents by cysteamine and WR-151326. After exposure of the 16-mer YY' duplexes to a 400 Gy dosage of y-irradiation in the absence of cysteamine, only a broad background level in the electrophoretic mobility pattern is observable (Fig. 2a) . However, the amplitude of the background gradually diminishes and peaks due to individual oligonucleotide degradation products begin to emerge when the y irradiation is carried out in the presence of cysteamine in the 0.1-0.5 mM concentration range (Fig. 2a) .
This suggests that the damage that gives rise to the subset of oligonucleotide fragments that contribute to the heterogeneous electrophoretic mobility background, is more easily suppressed by cysteamine than the damage that causes frank strand breaks. The reasons for this difference are presently not well understood. However, as the cysteamine concentration is increased further to levels of 0.5-2 mM, the maxima attributed to the frank strand breaks also disappear.
Almost complete suppression of DNA damage by thiols
When evaluated by gel electrophoresis methods, the damage induced by ionizing radiation (both yand neutron at 200-400 Gy) can be almost completely (> 99%) suppressed by sub-millimolar concentrations of the thiols cysteamine or WR-151326 (Figs. 2-4) . This protective effect of thiols is more quantitatively illustrated in Fig. 5. Panel 5(a) shows the electrophoretic mobility pattern of a 32P-labeled strand Y. The faster range of electrophoretic mobilities is amplified by a factor of 100 in order to show that minor amounts ( 0.7% of the total) of smaller, and thus higher mobility degradation fragments are present even in the unirradiated control (the source of this minor extent of damage was not investigated). After a 200 Gy y irradiation dosage in the presence of 0.2 mM cysteamine, a series of maxima attributed to higher-mobility fragments is evident and the fraction of damaged fragments is about 8% of the total (Fig. 5(b) ). However, irradiation at a 0.6 mM cysteamine concentration, the fraction of damaged oligonucleotides, estimated from the relative amount of higher mobility fragments is only 1 % (Fig. 5(b) , close to the amount observed in the control, Fig. 5(a) ).
These striking effects are attributed to the scavenging of free radicals generated by ionizing radiation.
It is well accepted that in the case of yirradiation, DNA damage by OH. radicals dominates (this is usually referred to as the "indirect effect", e.g., ref. 2, [25] [26] [27] [28] . Recently, Tomita et al. estimated that 98% of the single-strand breaks in plasmid pBR322 DNA in aqueous Tris buffer solutions were due to the indirect effect28'. However, in the case of neutron irradiation, the direct interaction of the ionizing radiation with the DNA molecule is believed to be of greater importance in causing damage than the indirect effect20). The thiols can completely eliminate the formation of neutron irradiation-induced strand breaks and other forms of DNA damage generated by both the indirect and direct effects (Fig. 2b) ; we conclude that thiols seem to be equally effective in reducing damage induced by OH' radicals or by the direct effect (for more detailed discussions, see ref. 26 , for example). Relative radioprotective efficiencies of cysteamine and WR-151326.
The thiol WR-151326 seems to be somewhat more effective than cysteamine in affording protection against damage to oligonucleotides induced by ionizing radiation. This result can be accounted for in terms of the differences in the number of charges, Z, per molecules (Z = + 1 for cysteamine and Z = + 2 for WR 151326); as described earlier15'29), the more highly charged amines are expected to bind to DNA more strongly, thus providing better protection against damage to the oligonucleotides.
Rate constants for the interactions of the thiols with DNA Under the conditions of our experiments, damage to the deoxyribose DNA moieties result primarily from reactions with hydroxyl radicals, i.e.,
where DNA denotes damaged DNA of all types initiated by hydroxyl radicals. Scavengers such as thiols (RSH) are in competition for OH radicals:
The thiol rate constant KRSH is comparable to a diffusion-controlled reaction, which has a value of the order of 109 cm -1 s-'. In addition to interacting with OH' radicals, it is possible (under some conditions) for the thiols to directly anneal damaged DNA by hydrogen atom donation. This process can be represented by:
where RS that is a less reactive free radical than DNA-. Furthermore, our samples were not purged of oxygen, and for this reason the DNA radicals also interact with molecular oxygen according to:
ultimately resulting in both base release and strand breakage. 
